The ability to adapt to changes in nutrient availability is central to bacterial colonization of diverse habitats. When nutrients are limiting, the gram-positive bacterium Bacillus subtilis employs several adaptive strategies. It may migrate to a more favorable environment; secrete enzymes to degrade macromolecules; induce the expression of transport systems for amino acids, peptides, DNA, and other potential nutrients; and activate intracellular catabolic pathways. In addition, the cell may synthesize antibiotics to eliminate nearby competitors. If these adaptive strategies fail to restore conditions suitable for growth, B. subtilis can differentiate to form a dormant spore.
CodY, a highly conserved regulatory protein in gram-positive bacteria (8, 20, 23, 29, 43, 44) , is one of the factors that control the expression of these adaptive mechanisms. CodY was initially identified in B. subtilis as a regulator of the dipeptide permease (dpp) operon (25, 34, (38) (39) (40) , but we now know that the B. subtilis CodY regulon is large, encompassing nearly 200 genes (1, 7, 10, 16, 27, 46) . Many of these genes encode proteins that mediate the adaptive responses cited above. In addition, CodY has been proved to repress branched-chain amino acid biosynthesis (36) and activate the expression of the acetate kinase gene (35) . CodY also participates in repression of the initiation of sporulation; unlike wild-type cells, those of B. subtilis codY mutant strains sporulate readily in a nutrientrich medium (12, 15, 31) .
CodY exists primarily as a dimer of 29-kDa monomers (2, 20; K. Matsuno and A. L. Sonenshein, unpublished observation) and senses nutrient availability through interaction with two effectors, GTP and the branched-chain amino acids (BCAAs) isoleucine, leucine, and valine (31, 36, 37) . Binding of either GTP or BCAAs stimulates the DNA-binding activity of B. subtilis CodY (17, 27, 31, 35, 36) . Conformational changes that occur in CodY upon corepressor binding are thought to alter the C-terminal helix-turn-helix motif such that CodY can bind more tightly to DNA (17, 20) . Limitation of nutrients at the onset of stationary phase is associated with a transient drop in intracellular GTP and BCAA pools (11, 21, 22, 26, 28, 41) , coincident with derepression of CodY targets.
The first direct evidence that GTP is an effector of CodY was presented by Ratnayake-Lecamwasam et al. (31) . CodY was found to bind GTP in UV-induced cross-linking experiments. In competition assays, ATP could compete with radioactively labeled GTP for binding to CodY while CTP and UTP could not. These authors showed that the ability of CodY to inhibit in vitro transcription from the dpp promoter is greatly stimulated by a physiological concentration of GTP (2 mM), while addition of ATP did not induce repression by CodY. As the competition experiments were not performed under equilibrium conditions, they left open the possibility that CodY can interact with other nucleotides as effectors. In addition, these nucleotides could promote binding to DNA apart from any effect on transcription.
We report here an analysis of the interaction of CodY with GTP. DNase I footprinting experiments were used to demonstrate that the affinity of CodY for GTP is in the millimolar range. In addition, we demonstrate that interaction with GTP results in a fourfold increase in CodY's affinity for DNA. CodY was found to interact specifically with GTP (or dGTP); this interaction was independent of GTP hydrolysis. Finally, GTP and the BCAAs were shown to act additively to increase the affinity of CodY for DNA and repress transcription.
MATERIALS AND METHODS
Expression and purification of CodY. A C-terminally six-histidine-tagged version of the CodY protein was expressed from the arabinose-inducible promoter of plasmid pKT1 in Escherichia coli host strain KS272 (18) . CodY, purified with TALON metal affinity resin (Clontech, Mountain View, CA) by a previously described method (36) , was free of contaminating proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis and was quantified by the Bio-Rad protein assay (Bio-Rad, Hercules, CA). Concentrations given here refer to the monomer form of CodY.
DNase I footprinting. A 453-bp segment of the ilvB promoter region was amplified from plasmid pRPS5 (36) by PCR with Platinum Taq High Fidelity DNA polymerase (Invitrogen, Carlsbad, CA) and primers ORPS7 (36) and ORPS6 (36) . The latter had been labeled with [␥-32 P]ATP by treatment with T4 polynucleotide kinase (Invitrogen) (19) .
DNA sequencing of pRPS5 revealed that the ilvB promoter region in this plasmid differs from the corresponding sequence from B. subtilis strain 168 at four positions. None of these alterations resides in the region (I, II, III, or IV) known to be bound by CodY (36, 37) , and purified CodY protein was able to bind to the 168 and pRPS5 versions of the sequence equally well in the presence of GTP and BCAAs (data not shown).
Ten-microliter binding reaction mixtures were assembled with 5 fmol radioactively labeled ilvB promoter DNA (approximately 60,000 cpm), purified CodY protein, and the following components: 20 mM Tris (pH 8.0), 50 mM sodium glutamate, 10 mM MgCl 2 , 0.5 mM EDTA, 0.05% Nonidet P-40 (Igepal; SigmaAldrich, St. Louis, MO), 5% (vol/vol) glycerol, and 250 ng calf thymus DNA. CodY protein was diluted in 10% glycerol containing 125 mM KCl and 20 mM Tris, pH 8. pppGpp was synthesized and provided by Jade Wang (Baylor College of Medicine), and ppGpp was purchased from TriLink Biotechnologies (San Diego, CA). All other nucleotides were purchased from Sigma-Aldrich. Additional components were added to binding reaction mixtures as indicated. Following 15 min of incubation at room temperature, 1 l of a solution of 120 mM CaCl 2 and 115 mM MgCl 2 was added to the binding reaction mixtures. Digestions were then performed for 1 min with 1 l (0.16 U) RQ1 DNase (Promega, Madison, WI). The reactions were stopped by addition of 48 l stop solution (0.5 M ammonium acetate, 0.125% sodium dodecyl sulfate, 12.5 mM EDTA) and incubation on ice. Twenty micrograms of glycogen was added to each reaction mixture, and samples were purified by phenol-chloroform extraction. Digestion products were precipitated by addition of cold 100% ethanol, and the pellet was washed with cold 70% ethanol. Samples were resuspended in 4 l sequencing gel loading buffer (95% formamide, 0.1% bromphenol blue, 0.1% xylene cyanol FF) (32) . Sequencing reactions were performed on pRPS5 plasmid DNA with primer ORPS6 and a Sequenase kit (USB, Cleveland, OH); [␣- 35 S]dATP was used to label these reaction mixtures.
Digestion products and sequencing reaction products were separated on an 8 M urea-6% polyacrylamide gel by electrophoresis at 1,200 V for 5 h. Gels were dried under vacuum and exposed to a PhosphorImager screen. Screens were scanned with a Molecular Dynamics STORM 860 imager (GE Healthcare BioSciences, Piscataway, NJ), and densitometry was performed with ImageQuant TL software (GE Healthcare Bio-Sciences). To compare extents of protection within and among experiments, the number of pixels for the appropriate region in a sample without added CodY protein was assigned a protection value of 0%. The number of pixels for that region in samples with saturating CodY or saturating effector was assigned a protection value of 100%. All other densitometry values were scaled as a fraction of 100% protection.
In vitro transcription. A 453-bp ilvB template that gives rise to a 150-nucleotide RNA product was amplified from plasmid pRPS5 with primers ORPS6 and ORPS7 (36) . A 396-bp DNA segment that includes the veg promoter was used to produce a 138-nucleotide RNA product (35) . In vitro transcription reaction mixtures were assembled and incubated as described previously (35) . GTP and BCAAs were added to reaction mixtures as indicated.
RESULTS
The concentration of GTP needed to activate CodY is in the millimolar range. Attempts to measure directly the affinity of CodY for GTP by equilibrium dialysis or filter binding assays had to be abandoned because of the low affinity of CodY for GTP (P. Joseph and A. L. Sonenshein, unpublished observation). Fluorescence-quenching experiments also were unsuccessful because of the absence of tryptophan residues in CodY and the high fluorescence of GTP. We therefore sought to determine the affinity indirectly by a DNase I footprinting approach. In this assay, the K d of CodY for GTP was assumed to be reflected in the concentration of ligand at which 50% of the target DNA is protected from cleavage by DNase I when CodY is in excess over DNA, but at a concentration far below the K d for CodY binding in the absence of ligand. For instance, at 125 nM CodY, only 12% protection of a labeled DNA fragment containing the ilvB promoter region, a known target of CodY, was seen in the absence of GTP (Fig. 1A) . When GTP was present in the binding reaction mixture, however, the same concentration of CodY gave 50% protection at 1.1 mM GTP (Fig. 1B) . Full protection was observed at 4 mM GTP.
The affinity of CodY for target DNA is increased with GTP addition. Previous gel shift studies performed with the ilvB promoter region and purified CodY demonstrated that addition of GTP to the binding reaction mixtures increased CodY's affinity for this DNA (27, 36) . This approach, however, may have resulted in an underestimation of the effect of GTP due to loss of the effector and consequent dissociation of protein-DNA complexes during electrophoresis. Footprinting experiments avoid this complication but have only been reported in the presence of both GTP and BCAAs (17, 36, 37) . To determine precisely the increase in CodY's affinity for the ilvB promoter region that is conferred by GTP, DNase I footprinting was performed with increasing concentrations of CodY protein in the absence of GTP or in the presence of 4 mM GTP (Fig. 2) . In the absence of GTP, 50% of the ilvB promoter DNA molecules were protected at 540 nM CodY (see Fig. S1 in the supplemental material). When 4 mM GTP was added to the binding reaction mixtures, 50% protection was seen at lower CodY levels, at 130 nM protein (see Fig. S1 in the supplemental material). Thus, addition of 4 mM GTP resulted in a fourfold increase in the affinity of CodY for the ilvB promoter.
CodY is specifically activated by GTP. To determine whether nucleotides other than GTP can induce CodY binding to target DNA, DNase I footprinting reactions were performed with 125 nM CodY and various concentrations of GTP, GDP, ATP, CTP, and UTP (Fig. 3A) . As expected, GTP addition resulted in the protection of promoter DNA while addition of GDP, CTP, or UTP did not. Interestingly, ATP, which was able to compete with GTP for binding to CodY in UV cross-linking experiments (31), did not induce protection of the ilvB promoter. We conclude that CodY is activated specifically with GTP. Further, the ␥ phosphate of GTP must be important in the interaction because GDP did not promote CodY binding to ilvB.
Three additional compounds (dGTP, ITP, and cyclic GMP [cGMP]) related to GTP were also tested by DNase I footprinting (Fig. 3B ). ITP and cGMP failed to promote binding of CodY to the ilvB promoter fragment, but dGTP did enhance binding, indicating that CodY does not discriminate between the ribose and deoxyribose forms of GTP.
We also tested whether the highly phosphorylated guanine (Fig. 4) . Both of these GTP analogs increased CodY binding to the ilvB promoter at concentrations similar to those at which GTP was active. Thus, we conclude that GTP hydrolysis is not necessary for CodY binding. This result is in accord with previous experiments in which CodY failed to cleave GTP (30) . GTP and BCAAs act additively to induce CodY binding to target DNA. Further DNase I footprint analysis has demonstrated that GTP and isoleucine act additively to increase the affinity of CodY for DNA (Fig. 5) . In this experiment, increasing concentrations of GTP were added to DNase I footprinting reaction mixtures containing 20 nM CodY. At this concentration of CodY, even 4 mM GTP was insufficient to induce full protection of the ilvB promoter DNA (Fig. 5, lanes 3 to 6) . While addition of 10 mM isoleucine alone resulted in an increase in protection by CodY (Fig. 5, lane 8) , addition of 10 mM isoleucine plus concentrations of GTP as low as 0.5 mM resulted in further protection of labeled DNA (Fig. 5, lanes 9  to 12) . The reverse experiment was also performed, in which 20 nM CodY failed to fully protect ilvB promoter DNA in the presence of isoleucine alone (Fig. 5, lanes 13 to 15) , but full protection was observed when 2 mM GTP was added simultaneously with isoleucine (Fig. 5, lanes 16 to 18) . We conclude that isoleucine increases the affinity of CodY for GTP, in that protection is observed at lower GTP concentrations (ϳ50% protection at 0.5 mM GTP) in the presence of isoleucine than in its absence. GTP also increases CodY's affinity for isoleucine, as ϳ50% protection was observed at 2.5 mM isoleucine in the presence of GTP, compared to 5 to 10 mM in its absence. It can be inferred from these data that GTP and isoleucine probably bind to different sites on CodY since a saturating concentration of one effector does not preclude stimulation by the other effector.
The observation that both effectors together confer increased protection of the ilvB promoter was confirmed by additional DNase I footprinting studies (Fig. 6) . In this experiment, increasing concentrations of the CodY protein were tested in the absence of effectors or in the presence of 2 mM GTP, the BCAAs at 10 mM each, or both effectors together. While high concentrations of CodY protein were sufficient to protect the highest-affinity binding site, region II, in the absence of effectors, lower protein concentrations were sufficient for protection upon the addition of either GTP or BCAAs to the binding reaction mixtures. While the BCAAs alone promoted CodY binding to the lower-affinity region III binding site (36) , supplementation with both effectors further enhanced binding to this region, as well as to another low-affinity CodY binding site, region IV (36). These results confirm that the effectors work together to enhance the binding of the protein to its target sites.
GTP and BCAAs act additively in runoff transcription assays. To further demonstrate that GTP and BCAAs act additively to induce the binding of CodY to its targets, runoff in vitro transcription assays were performed with a DNA fragment containing the ilvB promoter (Fig. 7) . In reaction mixtures containing CodY protein and increasing concentrations of BCAAs, nearly complete repression of ilvB transcription was observed at concentrations of 1 to 4 mM BCAAs. In contrast, in the presence of 2 mM GTP, ilvB transcription was completely repressed by CodY at a lower concentration of BCAAs; under these conditions, only 0.2 to 0.4 mM BCAAs was necessary to shut off the expression of ilvB. Control reactions were performed simultaneously with the veg promoter, which has been shown not to be regulated by CodY (27, 36) . As expected, addition of CodY, BCAAs, and GTP to reaction mixtures containing veg as the template did not appreciably affect expression.
DISCUSSION
The affinity of CodY for GTP, as determined indirectly with a DNase I footprinting assay, is in the millimolar range. This (6), which reduces the pool of GTP both directly and indirectly. The stringent response is initiated in the cell when an uncharged tRNA enters into the ribosome acceptor site. As a result, the ribosome-associated RelA protein is activated and catalyzes a reaction between GTP and ATP that produces pppGpp. This nucleotide is further changed into ppGpp by multiple mechanisms (6) . In addition, the accumulation of ppGpp lowers the intracellular GTP indirectly by inhibition of IMP dehydrogenase (28) , an enzyme required for de novo guanine nucleotide biosynthesis. Inaoka and Ochi have recently shown that a relA strain of B. subtilis is impaired in competence and sporulation (15) . It was demonstrated that GTP pools remain high in this mutant, likely resulting in sustained CodY activation. In agreement with this notion, when both codY and relA were deleted, com- petence and sporulation efficiencies were restored. Our observation that pppGpp and ppGpp do not activate CodY is consistent with the current model that depletion of GTP to low levels by stringent-response activation renders CodY unable to interact with this effector and results in inactivation of CodY.
Recent X-ray crystallography studies performed by Levdikov et al. (20) have given clues about the residues of CodY important in BCAA binding. A hydrophobic pocket in the N-terminal half of CodY appears to envelop the isobutyl side chain of Ile, while other nearby residues appear to participate in polar interactions with the amino and carboxyl groups of Ile. In contrast, the means by which CodY binds GTP remains unclear. Results presented here indicate that this interaction is specific; several other nucleotides tested, even at a 10 mM concentration, did not promote CodY binding to its target site. Since GDP is not an effector of CodY, the ␥ phosphate of GTP is essential for activation of CodY. However, the GTP-binding region of CodY must be able to accommodate an additional bulky phosphate group, as ppppG was able to activate CodY. Further, the two-amino group of the guanine base appears to be important because ITP, which lacks this group, is not an effector of CodY. In contrast, dGTP enhanced CodY binding to the ilvB promoter, indicating that CodY does not distinguish between deoxyribose and ribose forms of GTP. We assume that GTP is the primary nucleotide effector of CodY in cells since the intracellular dGTP concentration is much lower than that of GTP (3). The presence of GTP increases the affinity of CodY for the ilvB target site fourfold.
Two possibilities have been put forward to explain how CodY interacts with GTP (20, 31) . First, three putative GTPbinding motifs common to the GTPase superfamily of proteins, termed G1, G3, and G4, have been found in CodY (31) . Despite the strong conservation of the primary sequences of these motifs, several lines of evidence cast doubt on their roles in the interaction of CodY with GTP. First, these motifs are typically found within a single domain in small GTPase proteins (20) . In CodY, the G1 motif is found in the N-terminal half of the protein while the G3 and G4 motifs are in the C-terminal half and on different faces of this domain (20) . As a result, a large conformational change would be necessary to form a site for GTP binding. However, partial proteolysis, a technique used to detect changes in protein structure (5), with five different proteases has failed to reveal any major conformational change in CodY induced by interaction with GTP (P. Joseph, L. D. Handke, and A. L. Sonenshein, unpublished results). In addition, in members of the GTPase superfamily of proteins, the side chain from a highly conserved aspartic acid residue in the G4 motif (NXXD) forms hydrogen bonds with the guanine base (4, 33, 45) . In CodY, this position is occupied by a leucine residue (31) . An alternative view is that CodY binds GTP through a GAF domain that overlaps the site of Ile interaction (20) . These domains, which have been described in phosphodiesterases and adenylyl cyclases, have been shown to bind nucleotides, including cGMP, as effectors (13, 14) . Binding of CodY to the ilvB promoter region was not stimulated by cGMP. Genetic experiments are in progress to assess the roles of the three putative GTP-binding motifs, the GAF domain, and other regions of CodY in GTP binding.
Partial-proteolysis studies have demonstrated that CodY un- the presence of both effectors than of either effector alone. Whether binding of both effectors is required for repression of CodY targets in vivo is unclear, but recent in vitro evidence indicates that for at least one CodY-regulated gene, ackA, BCAAs are sufficient for CodY activity (35) . This observation indicates that binding of CodY to a given target may depend on which effector is bound. In fact, the observation that partial proteolysis reveals only the conformational change induced by BCAAs implies that binding of the two effectors changes the protein structure in different ways.
Accumulating evidence suggests that CodY has a role in the regulation of virulence gene expression in pathogenic grampositive bacteria (43) . Two virulence-regulatory systems in Streptococcus pyogenes, pel/sagA and mga, have recently been shown to be positively regulated by CodY (23) . In Clostridium difficile, a codY null mutation causes strong derepression of all of the genes of the pathogenicity locus and CodY binds in vitro to the promoter region of tcdR, the gene for the locus-specific regulator (9, 24) . This binding is synergistically activated by GTP and BCAAs. Disruption of the codY gene in Staphylococcus aureus strains SA564 and UAMS-1 has recently been shown to derepress the expression of several virulence factors (C. Majerczyk, M. Sadykov, T. T. Luong, C. Lee, G. Somerville, P. Dunman, and A. L. Sonenshein, submitted for publication); Tu Quoc et al. (44) found that CodY is needed for biofilm formation in S. aureus strain S30. The activity of S. aureus CodY in vitro is strongly increased by the combination of GTP and BCAAs (C. Majerczyk and A. L. Sonenshein, unpublished results).
Not all CodY-like proteins are activated by GTP, however. In Lactococcus lactis, addition of decoyinine, an inhibitor of guanine nucleotide synthesis, does not result in derepression of opp, a CodY-regulated gene in this species (29) . Further, GTP does not enhance the binding of purified CodY protein from L. lactis (8) or from Streptococcus pneumoniae (R. P. Shivers and A. L. Sonenshein, unpublished observation) in gel shift assays. Both of these CodY proteins are stimulated by BCAAs, however.
The notion that CodY regulates virulence factor expression, and the strong conservation of CodY among the low-GϩC gram-positive bacteria, suggests a novel treatment for certain infections. Analogs of guanine nucleotides or BCAAs might alter CodY activity in such a way as to limit the expression of virulence genes. Ongoing studies seek to test the feasibility of this approach.
